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MULTI-MODE UNINTERRUPTIBLE POWER SUPPLIES AND METHODS OF 

OPERATION THEREOF 

BACKGROUND OF THE INVENTION 
The present invention relates to power conversion apparatus and methods, and 
more particularly, to uninterruptible power supply (UPS) apparatus and methods. 

UPSs are commonly used to provide conditioned and/or auxiliary power to 
electronic equipment that provides critical functions, such as computer systems, 
5 telecommunications systems and medical equipment. Typically, UPSs can provide 
AC power from a backup source, such as a battery, generator or fuel cell, in the event 
that a utility power supply fails or becomes degraded. 

Some UPS systems use an architecture in which an AC voltage is generated 
from a DC voltage on a DC link. As shown in FIG. 1, a typical conventional "double- 
10 conversion" UPS 100 includes a rectifier 110 that receives AC power from an AC 

power source 10, such as a utility grid. The rectifier 110 generates a DC voltage on a 
DC link 115. The UPS 100 further includes an inverter 120 that generates an AC 
output that is applied to a load 20 from the DC voltage on the DC link 115. Backup 
or supplemental power may be provided via the DC link 1 15 by an auxiliary DC 
15 power source 130, e.g., a battery. 

FIG. 2 illustrates a conventional "line interactive" UPS architecture. A line- 
interactive UPS 200 includes an inverter/charger circuit 220 that is configured to be 
coupled to an AC source 10 (via a switch 15) and to a load 20. The inverter/charger 
circuit 220 is operative to act as an inverter when the AC source 10 has failed or 
20 become degraded, so as to generate an AC voltage to power the load 20 from an 

auxiliary power DC power source 230, e.g., a battery, coupled to the inverter/charger 
circuit 220 by a DC link 215. When the AC source 10 is in a normal state, the 
inverter/charger circuit 220 may act as a rectifier, supplying charging current to the 
auxiliary source 230 over the DC link 215. 
25 United States Patent No. 6,295,215 to Faria et al. describes a power supply 

apparatus that includes a multi-mode DC/ AC converter circuit that provides a first 
component of power, for example, a real power component, while a bypass circuit 

1 



provides a second component of power, for example, a harmonic power component 
and/or a reactive power component, to the load from an AC power source. The power 
supply apparatus may have another mode of operation in which the DC/AC converter 
circuit exclusively provides power to the output port. 

5 

SUMMARY OF THE INVENTION 
According to some embodiments of the invention, an uninterruptible power 
supply apparatus includes a first bidirectional power converter circuit having first and 
second ports and a second bidirectional power converter circuit having first and 

10 second ports. The apparatus further includes a DC link that couples the second port of 
the first bidirectional power converter circuit to the first port of the second 
bidirectional power converter circuit. A first load port is coupled to the second port of 
the second bidirectional power converter circuit and a second load port is coupled to 
the first port of the first bidirectional power converter circuit. The apparatus further 

1 5 includes a control circuit configured to control the first and second bidirectional 
power converter circuits such that each of the first and second bidirectional power 
converter circuits is selectively operable to generate and/or condition AC power at 
each of the first and second load ports. For example, the control circuit may be 
configured to control the first and second bidirectional power converter circuits such 

20 that each of the first and second bidirectional power converter circuits is selectively 
operable to generate AC power at each of the first and second load ports from an 
auxiliary DC power source coupled to the DC link. 

In further embodiments of the invention, the control circuit is operative to 
provide at least two of the following modes of operation: a first mode wherein the 

25 first bidirectional power converter circuit provides power conditioning at the second 
load port while the second bidirectional power converter circuit provides AC power at 
the first load port; a second mode wherein the first bidirectional power converter 
circuit generates AC power at the second load port from the auxiliary DC power 
source while the second bidirectional power converter circuit generates AC power at 

30 the first load port from the auxiliary DC power source; a third mode wherein the 

second bidirectional power converter circuit generates AC power at the first load port 
from the auxiliary DC power source while the first bidirectional power converter 
circuit is disabled; a fourth mode wherein the second bidirectional power converter 
circuit generates AC power at the second load port from the auxiliary DC power 
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source while the first bidirectional power converter circuit is disabled; a fifth mode 
wherein the second bidirectional power converter circuit generates AC power at the 
first and second load ports from the auxiliary DC power source; a sixth mode wherein 
the first bidirectional AC power converter circuit generates AC power at the second 
5 load port from the auxiliary DC power source while the second bidirectional power 
converter circuit is disabled; a seventh mode wherein the first bidirectional AC power 
converter circuit generates AC power at the first and second load ports from the 
auxiliary DC power source; an eighth mode wherein the first and second bidirectional 
AC power converter circuits concurrently generate power at the first load port from 

10 the auxiliary DC power source; and a ninth mode wherein the first and second 

bidirectional AC power converter circuits concurrently generate power at the second 
load port from the auxiliary DC power source.. The control circuit may be operative 
to selectively provide each of the first, second, third, fourth, fifth, sixth, seventh, 
eighth and ninth modes of operation. 

1 5 In some embodiments, the control circuit includes a first switch operative to 

couple and decouple the first port of the first bidirectional power converter circuit to 
and from an AC power source and a second switch operative to couple and decouple 
the first port of the first bidirectional power converter circuit to and from the second 
port of the second bidirectional power converter circuit. The DC link may include 

20 first and second DC voltage busses, the first bidirectional power converter circuit may 
include a first half bridge circuit operative to selectively couple a first terminal of the 
first load port to the first and second DC voltage busses, and the second bidirectional 
power converter circuit may include a second half bridge circuit operative to 
selectively couple a first terminal of the second load port to the first and second DC 

25 voltage busses. 

The control circuit may be configured to selectively operate the first 
bidirectional power converter circuit and/or the second bidirectional power converter 
circuit in a standby or line interactive manner. The control circuit may also be 
configured to selectively operate the first bidirectional power converter circuit and the 

30 second bidirectional power converter circuit to provide on-line uninterruptible power 
to the first load port. The control circuit may also be configured to selectively operate 
the first bidirectional power converter circuit and/or the second bidirectional power 
converter circuit to provide power conditioning at the first load port and/or the second 
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load port. The control circuit may further be operative to bypass the first and second 
bidirectional power converter circuits to provide AC power at the first load port. 

According to further aspects of the invention, related methods for operating an 
uninterruptible power supply apparatus may also be provided. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIGs. 1 and 2 are schematic diagrams illustrating conventional UPS 
10 configurations. 

FIG. 3 is a schematic diagram illustrating a UPS apparatus according to some 
embodiments of the invention. 

FIGs. 4-13 are schematic diagrams illustrating exemplary operations of UPS 
apparatus according to further embodiments of the invention. 

15 

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS 
Specific exemplary embodiments of the invention now will be described with 
reference to the accompanying drawings. This invention may, however, be embodied 
in many different forms and should not be construed as limited to the embodiments 

20 set forth herein; rather, these embodiments are provided so that this disclosure will be 
thorough and complete, and will fully convey the scope of the invention to those 
skilled in the art. In the drawings, like numbers refer to like elements. It will be 
understood that when an element is referred to as being "connected' 1 or "coupled" to 
another element, it can be directly connected or coupled to the other element or 

25 intervening elements may be present. 

FIGs. 3-13 are schematic diagrams illustrating exemplary apparatus and 
methods according to various embodiments of the present invention. The items in 
these figures, and combinations thereof, may be implemented using one or more 
electronic circuits, for example, power electronics circuits, such as half-bridge circuits 

30 and drive circuits therefor controlled by a processor, such as a microprocessor or 

microcontroller. It will also be appreciated that, in general, operations depicted in the 
diagrams, and combinations thereof, may be implemented in one or more electronic 
circuits, such as in one or more discrete electronic components, one or more 
integrated circuits (ICs), one or more application specific integrated circuits (ASICs), 
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and application specific circuit modules, as well as by computer program instructions 
which may be executed by a computer or other data processing apparatus, such as a 
microprocessor or digital signal processor (DSP), to produce a machine such that the 
instructions which execute on the computer or other programmable data processing 
5 apparatus create electronic circuits, or other means that implement the specified 

operations. The computer program instructions may also be executed on one or more 
computers or other data processing apparatus to cause a series of actions to be 
performed by the computer(s) or other programmable apparatus to produce a 
computer implemented process that includes the specified operations. Accordingly, 

10 the block diagrams support electronic circuits and other apparatus that perform the 
specified operations, and acts for performing the specified operations. It will be 
appreciated that the blocks may represent functional groupings of circuitry and that, 
even if separate functional blocks are illustrated, the same circuitry may be used in 
implementing the functions of the separate blocks. 

15 FIG. 3 illustrates a multi-mode double conversion UPS 300 according to some 

embodiments of the invention. The UPS 300 includes a first bidirectional power 
converter circuit including at least one half-bridge circuit 310, which includes 
switching transistors Ql, Q2 and an inductor LI, and which is controlled by a control 
circuit 340. It will be appreciated that, in polyphase embodiments, more than one 

20 such half-bridge circuit 310 may be present. The UPS 300 further includes a second 
bidirectional power converter circuit including at least one half bridge circuit 320 
including switching transistors Q3, Q4 and an inductor L2, and also controlled by the 
control circuit 340. More than one of such half-bridge circuits 320 may be used in 
polyphase embodiments. 

25 The UPS 300 also includes first and second switches 350, 360 (e.g., relays 

and/or solid state switches) that are also controlled by the control circuit 340. The 
first switch 350 is configured to couple and decouple an AC power source (e.g., an 
AC utility source) to and from a first port 31 1 of the first half-bridge circuit 310. A 
second port 312 of the first half-bridge circuit 310 is coupled to a DC link including 

30 first and second voltage busses 315a, 315b, which are also coupled to a first port 321 
of the second half-bridge circuit 320. The second half-bridge circuit 320 also includes 
a second port 322 that is configured to be coupled to a load. The second switch 360 is 
configured to couple and decouple the first port 31 1 of the first half-bridge circuit 310 
to the second port 322 of the second half-bridge circuit 320. The UPS 300 further 
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includes an auxiliary DC power source 330 that is operative to provide DC power to 
the DC busses 3 1 5a, 3 1 5b. The auxiliary DC power source 330 may include, for 
example, a battery, fuel cell, or other source of DC power. 

As shown, the control circuit 340 includes a processor 342 (e.g., a 
5 microcontroller, microprocessor or the like) in which a mode selector 343 is 

implemented. According to some embodiments of the invention, the mode selector 
343 is responsive to a control input 341 to cause the control circuit 340 to control the 
half-bridge circuits 310, 320 and the switches 350, 360 to provide a variety of 
different operational modes. In particular, the control circuit 340 may be responsive 

10 to the control input 341 to operate the half-bridge circuits 310, 320 to provide various 
combinations of rectifier, inverter, and power conditioner operations, and to 
selectively couple the half-bridge circuits 310, 320 to first and second load ports 301, 
302 to generate and/or condition AC power at the ports 301, 302 as shown, for 
example, in FIGs. 4-13. 

15 In FIG. 4, a UPS 400 according to some embodiments of the invention 

includes first and second bidirectional power converter circuits 410 and 430 that are 
coupled by a DC link 420. The UPS 400 further includes a first switch 440 that is 
operative to couple and decouple a first port 41 1 of the first bidirectional power 
converter circuit 410 to a main AC source, e.g., a utility power source. A second port 

20 412 of the first bidirectional power converter circuit 410 is coupled to the DC link 
420, which is also coupled to a first port 431 of the second bidirectional power 
converter circuit 430. A second switch 450 is operative to couple and decouple the 
first port 41 1 of the first bidirectional power converter circuit 410 to and from a 
second port 432 of the second bidirectional power converter circuit 430. The second 

25 port 432 of the second bidirectional power converter circuit 430 is coupled to a first 
load port 401, and the first port 411 of the first bidirectional power converter circuit 
410 is coupled to a second load port 402. For purposes of explanation of the operation 
illustrated in FIGs. 4-7, portions of the UPS 400, such as an auxiliary DC power 
source for providing DC power to the DC link 420 and control circuitry that controls 

30 the bidirectional power converter circuits 410, 430 and the switches 440, 450 (e.g., 

along the lines described above with reference to FIG. 3), are not explicitly illustrated, 
i.e., their function is subsumed into the functional items illustrated in FIG. 4. 

Still referring to FIG. 4, in one mode of operation, the first switch 440 is 
closed and the second switch 450 is open. In this mode, the first and second 
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bidirectional power converter circuits 41 0, 430 may be operated to provide an "on- 
line" UPS operation, i.e., the first bidirectional power converter circuit 410 may be 
operated as a rectifier to convert AC power from the main AC power source to DC to 
power the DC link 420 and the second bidirectional power converter circuit 430, 
5 acting as an inverter, converts DC power from the DC link 420 to AC to power a load 
coupled to the first load port 40 1 . The first bidirectional power converter circuit 410 
may also concurrently provide power conditioning (e.g., power factor correction 
and/or harmonic suppression) for a second load coupled to the load port 402. 
Techniques for providing such a combination of on-line operation and power 

10 conditioning in a double conversion UPS are described, for example, in United States 
Patent Application Serial No. 10/286,027 to Taimela, filed November 11, 2002, 
assigned to the assignee of the present application and incorporated herein by 
reference in its entirety. 

Referring now to FIG. 5, in another mode of operation when the main AC 

1 5 power source fails or is degraded, the first bidirectional power converter circuit 410 
may be operated as an inverter to convert DC power supplied to the DC link 420 from 
an auxiliary DC power source to AC power to power the load coupled to the second 
load port 402. The second bidirectional power converter circuit 430 may similarly be 
operated as an inverter to provide AC power to a load coupled to the first load port 

20 401 . It will be appreciated that the first and second bidirectional power converter 
circuits 410, 430 may be operated in a standby and/or line interactive manner. In 
particular, as shown in FIG. 5, for standby operation, the first switch 440 may be 
opened upon failure of the main AC power source. 

As shown in FIG. 6, the converter circuits 410, 430 may be bypassed by 

25 closing the first and second switches 440, 450. While in this bypassed mode, the 

second bidirectional power converter circuit 430 and/or the first bidirectional power 
converter circuit 410 may be used to provide power conditioning at the first load port 
401 and/or the second load port 402. Referring to operational modes illustrated in 
FIGs. 7 and 8, in the event of a loss of the main AC power source and a failure of the 

30 first bidirectional power converter circuit 410, the second bidirectional power 

converter circuit 430 may be operated as an inverter to provide AC power to the first 
load port 401 and/or the second load port 402 from an auxiliary DC power source 
feeding the DC link 420. As shown in FIGs. 9 and 10, in the event of loss of the main 
AC power source and failure of the second bidirectional power converter circuit 430, 
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the first bidirectional power converter circuit 410 may be operated as an inverter to 
provide AC power to the first load port 401 and/or the second load port 402. As 
shown in FIGs. 11-13, the first and second bidirectional converter circuits 410, 430 
may also be operated in parallel to provide power to the first load port 401 and/or the 
5 second load port 402 from the DC link 420. 

In the drawings and specification, there have been disclosed exemplary 
embodiments of the invention. Although specific terms are employed, they are used 
in a generic and descriptive sense only and not for purposes of limitation, the scope of 
the invention being defined by the following claims. 
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